Inositol polyphosphate 5-phosphatases (5PTases) are enzymes of phosphatidylinositol metabolism that affect various aspects of plant growth and development. Arabidopsis 5PTase13 regulates auxin homeostasis and hormonerelated cotyledon vein development, and here we demonstrate that its knockout mutant 5pt13 has elevated sensitivity to gravistimulation in root gravitropic responses. The altered responses of 5pt13 mutants to 1-N-naphthylphthalamic acid (an auxin transport inhibitor) indicate that 5PTase13 might be involved in the regulation of auxin transport. Indeed, the auxin efflux carrier PIN2 is expressed more broadly under 5PTase13 deficiency, and observations of the internalization of the membrane-selective dye FM4-64 reveal altered vesicle trafficking in 5pt13 mutants. Compared with wild-type, 5pt13 mutant seedlings are less sensitive to the inhibition by brefeldin A of vesicle cycling, seedling growth, and the intracellular cycling of the PIN1 and PIN2 proteins. Further, auxin redistribution upon gravitropic stimulation is stimulated under 5PTase13 deficiency. These results suggest that 5PTase13 may modulate auxin transport by regulating vesicle trafficking and thereby play a role in root gravitropism.
Introduction
The phosphatidylinositol (PI) signaling pathway participates in multiple processes of plant growth and development and plays a key role in cell responses to a variety of environmental stimuli [1] [2] [3] . Inositol polyphosphate 5-phosphatase (5PTase), a key enzyme in the PI pathway, can dephosphorylate the second messenger molecules inositol 1,4,5-trisphosphate (Ins(1,4,5)P 3 ) or inositol 1,3,4,5-tetrakisphosphate (Ins(1,3,4,5)P 4 ) by removing the phosphate group at the 5-position of the inositol ring. Fifteen genes are currently recognized in Arabidopsis thaliana that encode 5PTases [4] , and biochemical studies indicate that they can specifically hydrolyze water-soluble inositol phosphates, lipid-soluble phosphoinositides, or both in vitro [4] [5] [6] [7] .
Functional studies have demonstrated the diverse roles of 5PTases in various developmental processes. COTY-LEDON VEIN PATTERN 2 is essential for the closed venation patterns of foliar organs [8] , and 5PTase13 modulates cotyledon vein development by regulating auxin homeostasis [9] . Additionally, FRAGILE FIBER 3, which exhibits phosphatase activity toward both inositol phosphate and phosphoinositides, is required for secondary wall synthesis and actin organization in fiber cells [6] . Recently, Gunesekera et al. [10] demonstrated that 5PTase1 and 5PTase2 are required for seedling growth. Moreover, it is worthwhile to note that most reported 5PTases are involved in abscisic acid responses [9] [10] [11] [12] . As a substrate of 5PTases, Ins(1,4,5)P 3 seems to be important in these developmental processes and responses [8] [9] [10] [11] [12] .
Gravity significantly affects plant growth and development [13] . In response to gravity, plant shoots grow upward (negative gravitropism) and roots downward (positive gravitropism). The process of gravitropic response includes sensing gravity direction and subsequently converting it into internal signals. These signals are then transferred to the responding tissues, resulting in organ bending [14] . Gravity perception and the gravitropic response are mediated by a comprehensive signaling network in which auxin and its polar transport play crucial roles [15] . Altered polar auxin transport (PAT) and the consequent redistribution of auxin following gravity stimulation initiate differential growth, which results in the tropistic bending of plants [16] .
Several auxin efflux carriers designated as PIN proteins are essential for auxin distribution and root gravitropism. PIN2 localizes to the upper membrane in the epidermis/lateral root cap and preferentially to the lower membrane in cortex cells [17, 18] , and is required for root gravitropism by regulating auxin basipetal transport from the root tip toward the elongation zone [17] [18] [19] . Gravistimulation promotes the expression and polar localization of PIN2 from the root tip to the root elongation zone, and the overexpression of PIN2 results in an enhanced tropistic response [20] , indicating that a direct relationship exists between PIN2 expression and the root gravitropic response. Additionally, PIN3, which is responsible for auxin lateral redistribution in root columella upon gravistimulation, is crucial for gravitropism as well [21] .
Previous studies showed that PIN1 and PIN2 cycle between the plasma membrane and endosomal compartments in a vesicle trafficking-and actin-dependent manner, and this pattern is of great significance to the polar localization and auxin efflux capacity of PIN proteins [22] [23] [24] . PIN1 cycling is dependent upon GNOM ARF-GEF and sensitive to the vesicle-trafficking inhibitor brefeldin A (BFA). In addition, the basal PIN2 in cortex cells and apical PIN2 in epidermal cells may have differential recycling machineries dependent on distinct ARF-GEF vesicle-trafficking regulators [25] . More recently, it is shown that the vacuolar targeting of PIN2 is dependent on retromer and may be responsible for the differential degradation of PIN2 in gravitropic response [26, 27] . These findings suggest that vesicle trafficking likely mediates the transport of auxin flux carriers to ensure their proper localizations and auxin flux, which in turn modulates auxin-regulated plant growth and development. Additionally, phospholipase D and phosphatidic acid, two important components in the PI signaling pathway, participate in vesicle trafficking in both mammalian and plant cells. They regulate the auxin response by stimulating vesicle trafficking [28] [29] [30] [31] .
Ins(1,4,5)P 3 , a putative substrate of 5PTases, plays crucial roles in multiple signaling cascades and plant gravitropic responses. The biphasic change of Ins(1,4,5) P 3 upon gravistimulation occurs in the sensing and responding tissues, but not in the non-elongating internodal regions of stems [32, 33] . Recent studies revealed that in Arabidopsis inflorescence stems, Ins(1,4,5)P 3 levels increased by two-to three-fold over the first 5 min, followed by a second increase with a peak around 15-20 min after gravistimulation. This correlated well with the initiation of the bending response, indicating the role of Ins(1,4,5)P 3 in the curvature [34] . Indeed, with an impaired Ins(1,4,5)P 3 signal, the gravitropic bending of roots, hypocotyls, and inflorescence stems in plants is reduced by approximately 30% [34] .
Although Ins(1,4,5)P 3 has immediate relevance to plant gravitropic responses, none of the Arabidopsis 5PTases has been reported to be involved in this process. Here, we show that the 5pt13 mutant, which has altered auxin homeostasis and signaling [9] , displays an enhanced root gravitropic response and reduced response to the auxin efflux inhibitor 1-N-naphthylphthalamic acid (NPA). A deficiency in 5PTase13 resulted in expanded PIN2 expression in roots and altered vesicle transport. 5pt13 mutant seedlings were less sensitive to the vesicletrafficking inhibitor BFA and showed reduced BFA effects on PIN2 intracellular cycling, as well as on that of PIN1. As a result of the altered intracellular cycling of PIN proteins, the gravity-induced auxin redistribution was stimulated in the 5pt13 mutant. These results indicate that 5PTase13 functions in root gravitropism by regulating vesicle trafficking and gravity-induced auxin redistribution.
Results

5pt13 mutant seedlings display elevated sensitivity to gravistimulation and are less sensitive to NPA treatment
Previous studies showed that Ins(1,4,5)P 3 is involved in the gravitropic response. Based on the fact that Arabidopsis 5PTases dephosphorylate Ins(1,4,5)P 3 and Ins(1,3,4,5)P 4 , we tried to test whether Arabidopsis 5PTases participate in plant gravitropism by testing the gravitropic response of the 5pt13 mutant, which has defective expression of 5PTase13 [9] . Measurement and statistical analysis of the root curvature of 5pt13 mutant and wild-type (WT) seedlings after gravistimulation (180º) showed an enhanced response in the 5pt13 mutant. After 4 h of reorientation, the bending angle of 5pt13 mutant roots reached 50º, whereas that of WT was only 37º. 5pt13 mutant seedlings showed a greater curvature than WT within 12 h after reorientation (Figure 1A) ; this indicates an elevated sensitivity of 5pt13 mutant seedlings to gravistimulation (both WT and 5pt13 mutant seedlings reached 180º after 48 h). Re-expression
npg of the 5PTase13 gene in the 5pt13 mutant (by introducing p35S:5PTase13 in 5pt13 lines) rescued the enhanced gravity response, which confirms that the stimulated gravitropic response in the 5pt13 mutant was due to the disruption of the 5PTase13 gene. However, overexpression of 5PTase13 had no effect on the gravitropic response ( Figure 1B , p35S:5PTase13 lines 6, 7). Based on the significant role of PAT in plant gravitropism, the enhanced gravitropic response of 5pt13 mutant seedlings raised the possibility that PAT might be modulated. Indeed, analysis of the responses of WT or 5pt13 mutant seedlings to NPA, an auxin efflux inhibitor, revealed a reduced inhibitory effect of NPA in 5pt13 mutant seedlings. NPA (0.5 μM) treatment suppressed the root growth of WT seedlings by 11%, but had little effect on the root growth of 5pt13 seedlings ( Figure 1C ). Following treatment with exogenous 1 or 2 μM NPA, the root lengths of WT seedlings were 67 and 44% of untreated controls, whereas those of 5pt13 seedlings were 72 and 52%, respectively (statistically significantly different from WT). This observation indicates an attenuated effect of NPA on 5pt13 mutant seedlings, and suggests that the enhanced gravitropic response of the 5pt13 mutant may be attributed to the stimulated PAT, especially auxin efflux.
5PTase13 deficiency results in expanded expression of PIN2 proteins in roots
Muller et al. [17] demonstrated that PIN2 is required for root gravitropism through the regulation of auxin distribution from the root tip toward the elongation zone. We further explored the effect of 5PTase13 on PIN2 by introducing a fused PIN2-EGFP (enhanced green fluorescent protein) [35] expression cassette into the 5pt13 mutant via genetic crosses. Examination of the expression and polar localization of PIN2 in the homozygous cross progenies (PIN2-EGFP/5pt13) showed that there was no change in PIN2 polar localization under 5PTase13 deficiency in the 5pt13 mutant; however, the region of PIN2 expression was greatly expanded from the root meristem zone to the elongation zone. Detailed measurements showed that compared with that of PIN2-EGFP seedlings (424.01 ± 16.3 μm), the PIN2 expression region (from the root tip) was much broader in PIN2-EGFP/5pt13 roots (529.70 ± 17.8 μm), with an increase of ~24% (Figure 2A) . This is in agreement with a previous report that the tropistic response is enhanced in seedlings overexpressing PIN2 [20] ; and the broader PIN2 expression of 5pt13 mutant seedlings may contribute to the stimulated gravitropic response.
Further support came from observations following application of exogenous Ins(1,4,5)P 3 (10 μM), the Figure 1 The 5pt13 mutant has an enhanced root gravitropic response and a reduced response to the auxin efflux inhibitor NPA. (A) The 5pt13 mutant displayed elevated sensitivity to gravistimulation. Seedlings (3-day old) were rotated 180 o in the dark, and root tropistic bending curvatures of WT, 5pt13, and 5pt13 seedlings overexpressing 5PTase13 (p35S:5PTase13 in 5pt13) were measured at intervals of 2 h. Statistical analysis using SAS statistical software indicated significant differences (*P < 0.05; **P < 0.01). Error bars represent SE (n = 60) in A and B. (B) 5PTase13-overexpressing seedlings showed similar gravitropic responses to WT seedlings. The root gravitropic responses of WT, 5pt13, and 5PTase13-overexpressing (p35S:5PTase13 lines L6, L7) seedlings were measured 6 h after reorientation. (C) The root growth of the 5pt13 mutant was less sensitive to the auxin efflux inhibitor NPA. WT and 5pt13 mutant seedlings were vertically grown for 8 days in the absence or presence of NPA (0.1, 0.5, 1, or 2 μM, left panel, Bar = 5 mm), followed by measurement of the lengths of primary roots (right-top panel) and calculation of relative root lengths (right bottom panel). The root lengths of untreated WT and 5pt13 mutant seedlings were set to 100%. Statistical analysis using SAS statistical software indicated significant differences (*P < 0.05; **P < 0.01). Error bars represent SE (n = 50). substrate of 5PTase13, to WT seedlings. The intrinsic Ins(1,4,5)P 3 is indeed increased by using an intracellular delivery system (Supplementary information, Figure S1 ), which expanded the PIN2 expression region ( Figure 2B ), while application of Ins(1,3,4)P 3 (inositol 1,3,4-trisphosphate, 10 μM) had no effect. This finding was consistent with the broader expression of PIN2 in 5pt13 mutant seedlings. To test whether the effect of Ins(1,4,5)P 3 requires de novo protein synthesis, a protein synthesis inhibitor, cycloheximide (CHX), was used. Results show that the PIN2 expression region was similarly expanded upon Ins(1,4,5)P 3 treatment in the presence of CHX ( Figure 2B ). Further examination of transcription of PIN2 using PIN2p::GUS seedlings (kindly provided by Dr Jian Xu) shows that no significant difference in GUS activity was detected after Ins(1,4,5)P 3 treatment ( Figure  2C , left panel), confirming that Ins(1,4,5)P 3 had no effect on the transcription of PIN2. Quantitative analysis of PIN2 transcripts in root tissues also confirmed that the transcription of PIN2 in 5pt13 root tissues was similar to that in WT roots ( Figure 2C , right panel). Together, these findings indicate potential post-transcriptional regulation of PIN2.
5PTase13 deficiency results in altered vesicle trafficking and the 5pt13 mutant is less sensitive to BFA inhibition
PIN1 and PIN2 proteins are cycled between the plasma membrane and endosomal compartments, and vesicle trafficking is crucial for this process [22] [23] [24] [25] . To investigate the mechanism of expanded PIN2 expression, the membrane-selective fluorescent dye FM4-64, a widely used tracer for endocytic trafficking [36] , was employed to monitor vesicle transport behavior in root cells. Our observations showed that the internalization of FM4-64 was significantly enhanced in 5pt13 mutant roots (more vesicles labeled by FM4-64, Figure 3A) .
BFA, a well-known vesicle-trafficking inhibitor, specifically blocks exocytosis (but not endocytosis) and promotes vesicle aggregation to form BFA compartments [37] . BFA can also mimic the physiological effects of auxin transport inhibitors on root and hypocotyl elongation, and lateral root development [22] . Based on the enhanced internalization of FM4-64 under 5PTase13 deficiency, BFA compartment formation in the 5pt13 mutant was further examined. The results showed that BFA treatment did not block the cycling of endocytic vesicles entirely in 5pt13 root cells. Moreover, smaller BFA compartments were formed ( Figure 3B ), which suggests a decreased sensitivity of vesicle transport to BFA in the 5pt13 mutant. Combined with the enhanced internalization of FM4-64, these findings indicate altered vesicle trafficking in 5pt13 mutant seedlings. Further The observation and measurement performed were with the help of confocal laser scanning microscope. For each seedling, the vesicle numbers are from the average of 10 root cells. The data are presented as mean±SE (n = 30 individual seedlings). P-values were statistically calculated with SAS software. quantitative analyses revealed similar results (Table 1) , consistent with these observations. In contrast, FM4-64 internalization in 5PTase13-overexpressing seedlings (lines 6, 7) was not evidently altered ( Figure 3C ), which indicates normal vesicle trafficking and is consistent with their indistinguishable gravitropic response under gravistimulation.
Further studies on physiological responses confirmed the resistance of 5pt13 mutant seedlings to BFA treatment. In 5pt13 mutant seedlings, the inhibitory effects of BFA on root and hypocotyl growth were not as effective as that in WT ( Figure 3D ). With increased BFA concentrations (from 0 to 10 μM), the root growth of WT seedlings was gradually inhibited, whereas 5pt13 mutant seedlings displayed a relatively mild inhibition. Compared with WT, the inhibitory effects of 2, 5, or 10 μM BFA on root growth were suppressed by approximately 15% in 5pt13 mutant seedlings. Similar results were observed for hypocotyls. Application of 5 μM BFA caused a 21.4% suppression of hypocotyl length in WT, but only a 12.9% suppression in 5pt13 mutant seedlings. Under 10 μM BFA treatment, the hypocotyl length of WT decreased to 44.7% of untreated controls, whereas that of 5pt13 mutant was still at 60.4%. The reduced responses to BFA suggest the presence of alternative BFA-resistant intracellular sorting events in the 5pt13 mutant. 
Reduced effects of BFA on intracellular cycling of PIN1 and PIN2 in the 5pt13 mutant
The cycling of PIN1 and PIN2 is dependent on vesicle transport and they can be internalized by BFA to accumulate in BFA compartments [22] [23] [24] [25] 38] . The altered vesicle trafficking in 5pt13 mutant suggests a potential influence on the intracellular cycling of PIN proteins in cells. In WT seedlings, BFA broke the cycling balance of PIN2 between the plasma membrane and endosomal compartments, and BFA compartments were formed after BFA treatment (50 μM) for 1 h, whereas they were much less apparent in PIN2-EGFP/5pt13 seedlings (Figure 4A) , indicating that the intracellular cycling of PIN2 proteins was less sensitive to BFA in 5pt13 mutant seedlings.
When BFA treatment lasted for 2 h, the recycling of PIN2 to the plasma membrane was completely inhibited, and most PIN2 proteins aggregated in large BFA compartments in both PIN2-EGFP and PIN2-EGFP/5pt13 seedlings ( Figure 4B ). Statistical analyses on the total size and intensity of BFA compartments in each cortex cell revealed the very similar PIN2 internalization in PIN2-EGFP and PIN2-EGFP/5pt13 seedlings (Table 2) . When BFA was washed out after BFA treatment for 2 h, the resumption of PIN2 polar localization was found to be quicker and more robust in 5pt13 mutant seedlings ( Figure 4C ). This indicates that the recycling of basaltargeted PIN2 to the plasma membrane is accelerated under 5PTase13 deficiency. Statistical analyses of PIN2-containing BFA compartments and PIN2-containing vesicles provided further support for stimulated PIN2 recycling in 5pt13 mutant seedlings (Table 2) .
PIN1, another plasma membrane protein, displayed responses to BFA similar to PIN2 in 5pt13 mutant seedlings ( Figure 4D and Table 3 ), which further suggests alternative BFA-resistant sorting events in the 5pt13 mutant. Under 5PTase13 deficiency, the reduced BFA inhibition of the cycling of PIN1 and PIN2 proteins, as well as the accelerated recycling of basal-targeted PIN proteins to plasma membrane, suggests a negative effect of 5PTase13 on the cycling of PIN proteins and thus a negative influence on auxin transport.
Stimulated auxin redistribution upon gravistimulation under 5PTase13 deficiency
Both the modulated expression of PIN2 and the modified intracellular cycling of PIN proteins under 5PTase13 deficiency could influence auxin distribution, especially upon gravistimulation. To test this, an Arabidopsis DR5-GUS reporter line containing a cassette of the GUScoding sequence under the control of a synthetic auxininducible promoter [39] was crossed with the 5pt13 mutant to investigate auxin accumulation and distribution. Analysis of the homozygous cross progenies of Observation and measurement were performed with the help of confocal laser scanning microscope. The data are presented as mean±SE (n = 30 individual seedlings). The total fluorescent intensity and size of BFA compartments in each cortex cell were shown in brackets (before BFA washout), which were measured by laser confocal microscope LSM 510 (ver3.2). Statistical analysis by using SAS software indicated the significant differences (*P < 0.01). BFA washout 69.1 ± 2.7 11.2 ± 2.0* Observation and measurement (n = 30 individual seedlings) were performed as described in Table 2 . The total fluorescent intensity and size of BFA compartments in each cell were shown in brackets (before BFA washout). Statistical analysis by using SAS software indicated the significant differences (*P < 0.01). DR5/5pt13 showed that auxin in root tips was in an even and symmetric pattern when growing vertically, although the signal was relatively weaker than in DR5 lines owing to decreased auxin content [9] . After a 90º reorientation for 4 h, the majority of DR5 seedlings still maintained an even and symmetric distribution of auxin in root tips. Statistical analysis indicated that only ~32% of DR5 seedlings displayed asymmetric auxin distribution, but ~67% of DR5/5pt13 seedlings did so ( Figure 5A ), revealing a significant difference (P = 0.0005). The asymmetric auxin in DR5/5pt13 roots was present as a streak in the lower side extending from the tip to the elongation zone (recognized as lateral auxin distribution) or an uneven distribution in root tips (both situations are shown in Figure 5A ). In accordance with previous studies [34, 40] , ~60% of DR5 seedlings displayed lateral auxin redistribution after 6 h of reorientation, a time point when DR5/5pt13 seedlings recovered to ~37% (P = 0.0017), indicating a significantly stimulated auxin redistribution under 5PTase13 deficiency. Because lateral auxin distribution was only detected in bending roots with curvatures between 40º and 50º, and the frequency of asymmetric auxin distribution was tightly correlated with the gravitropic response, the enhanced auxin redistribution in 5PTase13 mutant indicates the involvement of 5PTase13 in gravity-induced auxin redistribution.
Similar results were observed when seedlings were reoriented 180º. As shown in Figure 5B , in comparison with DR5 lines, the 5PTase13 deficiency resulted in distinct asymmetric auxin distribution in root tips after a 1 h reorientation of 180º, which became more distinguishable after 4 h. These results suggest that the stimulated auxin redistribution upon gravistimulation in 5pt13 mutant was responsible for the enhanced root gravitropic response.
Discussion
5PTase, a key enzyme in the PI pathway, has been implicated in plant growth and development, as well as responses to environmental stimuli. In this study, we demonstrate the involvement of 5PTase13 in root gravitropism by modulating vesicle trafficking and PAT. Our data provide insight into the role of the PI pathway in the root gravitropic response.
The underlying mechanism of 5PTase13 in the root gravitropic response
Analysis of the root gravitropic response revealed the enhanced sensitivity of the 5pt13 mutant to gravistimulation. Although some studies show that Ins(1,4,5)P 3 participates in gravitropic signaling, the involvement 180º (B) reorientation. The lateral linear GUS activity in a majority of DR5 seedlings was not observed at 4 h after reorientation under both conditions and was detected after 6 h of 90º reorientation, whereas the redistribution of GUS signals could be observed after only 4 h of reorientation in most DR5/5pt13 roots. Two independent lines, L1 and 2, were observed, and 30 seedlings from each line were used for each treatment. Arrows indicate the streak of lateral GUS activity. Bar = 20 μm. of Arabidopsis 5PTases in gravitropism has not been previously documented. As a substrate of 5PTase13, previous studies have implicated Ins(1,4,5)P 3 as a signal component in the plant gravitropic response [32, 33] , and decreased basal Ins(1,4,5)P 3 levels in Arabidopsis result in suppressed gravitropism [34] . These studies suggest a fundamental and extensive role for Ins(1,4,5)P 3 in gravity signaling. Our previous study confirmed the increased Ins(1,4,5)P 3 content in 5pt13 mutant seedlings [41] and, indeed, exogenously applied Ins(1,4,5)P 3 promoted gravitropic responses in WT seedlings ( Figure 6A ), as well in pin2 mutants ( Figure 6B ), providing an explanation for the stimulated gravitropism under 5PTase13 deficiency. Transgenic lines overexpressing 5PTase13 responded normally to gravistimulation, which can be attributed to an insignificant alteration in Ins(1,4,5)P 3 levels. Previous studies have shown that an extreme decrease (by more than 95%) in cytosolic Ins(1,4,5)P 3 levels leads to impaired gravitropic bending (of around 20º) [34] . This extreme decrease was produced by the overexpression of Hs5PTase, which can specifically hydrolyze Ins(1,4,5)P 3 with high affinity. Although the expression of 5PTase13 gene was indeed enhanced in transgenic lines, the alteration of intrinsic Ins(1,4,5)P 3 levels was not as dramatic as that in Hs5PTase-overexpressing lines due to the differential activity and substrate specificity of the enzymes.
Further analysis showed that there was no difference in the agravitropic response of hypocotyls between WT and 5pt13 mutants. The fact that almost all Arabidopsis 5PTases (13 of 15 total isoforms) are expressed in the hypocotyl (https://www.genevestigator.ethz.ch/gv/index.jsp) suggests the possible functional redundancy of 5PTases in the hypocotyl. Ca 2+ is regarded as a critical factor in gravitropic signaling and responses, and a global Ca 2+ signal is detected in Arabidopsis seedlings under gravistimulation [42] . Given that cytosolic Ca 2+ is increased in roots of 5pt13 seedlings [41] , we cannot exclude the possibility that Ca 2+ is involved in the enhanced gravitropic response in 5pt13 mutant seedlings.
Vesicular trafficking-dependent post-Golgi transport has been implicated in shoot gravitropism. Several genes have been identified by defective shoot gravitropic response and found to participate in vacuolar formation, which relies on post-Golgi transport. SHOOT GRAV-ITROPISM3 and SHOOT GRAVITROPISM4 encode homologs of SNARE proteins and function in vesicular transport to the vacuole [43, 44] . SGR8, whose animal homolog RME-8 is involved in receptor-mediated endocytosis, may play a role in endocytosis as well [45, 46] . However, whether vesicle cycling directly participates in the root gravity response is still unknown. Our results indicate a potential relationship between vesicular trafficking and the root gravitropic response and suggest an important role of vesicle trafficking in root gravitropism. There is no significant alteration in vesicle trafficking after either short-term (within 20 min) or long-term (1 After treatment with Ins(1,4,5)P 3 or a control solution for 2 h, 3-day-old seedlings were reoriented at 90º or 180º, and root bending curvatures were measured at intervals of 2 h. Ins(1,3,4)P 3 (Inositol 1,3,4-trisphosphate) was used as a control, same in B and C. SAS statistical software was used for statistical analyses (*P < 0.05; **P < 0.01). Error bars indicate SE (n = 60). (B) Exogenous Ins(1,4,5)P 3 could partially rescue the gravitropic response of the pin2 mutant. Ins(1,4,5)P 3 treatment was performed as described in A. Root curvatures were measured after 180º gravistimulation for 4 or 12 h. Error bars indicate SE (n = 60). Statistical analysis using SAS statistical software indicated a significance difference (**P < 0.01) between pin2 and pin2 seedlings treated with Ins(1,4,5)P 3 . or 2 h) gravistimulation, which may be because the presumed gravity-induced alteration in vesicular trafficking is transient or completed in a short period that cannot be captured accurately. Improved observation techniques and methods of investigation may lead to more detailed insights.
Because the gravitropic response of the 5pt13 mutant was not dramatically enhanced, potential roles for other Arabidopsis 5PTases cannot be excluded. Studies employing mutations in multiple 5PTases may reveal a more dramatic influence on root gravitropism and help to address this issue.
5PTase13 affects vesicle trafficking and auxin redistribution under gravistimulation
The altered vesicle trafficking and suppressed responses to the vesicle-trafficking inhibitor BFA under 5PTase13 deficiency indicate a role for 5PTase13 in vesicle trafficking, which has been proposed in animals (for example, in C. elegans and Drosophila, defects in 5PTases including synaptojanin or its homologs result in alterations in synaptic vesicle transport) [47] . Exogenous Ins(1,4,5)P 3 enhanced the internalization of FM4-64 in WT, consistent with the increased Ins(1,4,5)P 3 level, and altered vesicle trafficking in the 5pt13 mutant ( Figure  6C ), indicating that the 5PTase13 protein or its substrate Ins(1,4,5)P 3 may exert an essential influence in vesicle transport. The altered cycling of both PIN2 and PIN1 further indicates that 5PTase13 may influence intracellular vesicle trafficking in a general way. Based on the fact that the intracellular trafficking events in 5pt13 mutant showed less sensitivity to BFA, the possibility of missorting into less BFA-sensitive sorting pathways might be a potential interpretation.
The PIN2 expression domain was greatly expanded from the root meristem zone to the elongation zone in 5pt13 mutant seedlings, consistent with the results of application of exogenous Ins(1,4,5)P 3 to WT seedlings. These findings suggest that modified PIN2 expression under 5PTase13 deficiency may be a result of accumulation of intrinsic substrates such as Ins(1,4,5)P 3 . Because PIN2 expression has a direct relationship with the root gravitropic response, the broader PIN2 expression may contribute greatly to the stimulated gravitropic response in the 5pt13 mutant. PIN2 expression was not affected at the transcriptional level either in 5pt13 mutant roots or under Ins(1,4,5)P 3 treatment (Figure 2C ), suggesting a potential mechanism of post-transcriptional regulation. Recently, a dark-induced assay was used to visualize PIN2 turnover in lytic vacuoles [27] and our examination revealed the slower turnover of PIN2 proteins in 5pt13 mutant ( Figure 7) .
As the vacuolar targeting of PIN2 was performed in a retromer-dependent way [27] , the altered PIN2 sorting under 5PTase13 deficiency was suggested to contribute to the slower PIN2 turnover in lytic vacuoles. Taken together, these results indicate that 5PTase13 or Ins(1,4,5)P 3 might have a regulatory role in protein turnover via affecting vesicle trafficking-dependent protein sorting, a possibility that is under further investigation.
Together with the fact that PAT and the consequent redistribution of endogenous auxin are essential for grav- npg ity response of Arabidopsis roots [19, 48] , it is suggested that broader PIN2 expression and altered cycling of PIN proteins by modified vesicle trafficking may stimulate gravity-induced auxin redistribution and, consequently, the root gravitropic response. Considering the altered PIN1 cycling, PIN1 may also be involved in the changes in auxin redistribution during the gravitropic response. In addition, reduced intrinsic Ins(1,4,5)P 3 levels caused impaired plant tropistic responses, accompanied by decreased basipetal IAA transport [33] , which suggests that Ins(1,4,5)P 3 may have a direct or indirect influence on the polar and lateral transport of auxin and may partially account for auxin redistribution under gravistimulation.
Materials and Methods
Chemical reagents
NPA (N0926) was purchased from Duchefa Biochemie (Haarlem, The Netherlands). D-myo-inositol 1,4,5-trisphosphate (sodium) (Ins(1,4,5)P 3 , Q-0145)) and D-myo-inositol 1,3,4-trisphosphate (sodium) (Ins(1,3,4)P 3 , Q-0135) were obtained from Echelon (CA, USA). CHX (94271) was purchased from Sangon (Shanghai, China). FM4-64 (T13320) and Shuttle PIP TM Carrier-1, histone H1 (S-23731) were purchased from Molecular Probes (OR, USA). BFA (B-7651) was purchased from Sigma-Aldrich (MO, USA).
Plant materials and growth conditions
The Arabidopsis Columbia ecotype was used in the study. Seeds were surface sterilized with 20% bleach, washed four times with sterile water, and then sown on Murashige and Skoog (MS) medium [49] . Plates were stored for stratification at 4 ºC in darkness for 48-72 h and then transferred to a phytotron at 22 ºC with a 16 h light/8 h dark cycle. Seedlings were vertically grown for the following experiments.
The 5pt13 mutant, p35S:5PTase13 in 5pt13 lines, and p35S: 5PTase13 transgenic lines used in this study are from a previous study [40] . The 5PTase13 full-length cDNA driven by the CaM-V35S promoter was transformed into WT or the 5pt13 mutant, respectively.
For NPA treatment, seeds were sown on MS medium with gradients of NPA (0.1, 0.5, 1, and 2 μM), and 8-day-old seedlings vertically grown in light were used for measurement of primary root lengths. For BFA treatment, 6-day-old seedlings were transferred onto medium supplemented with different concentrations of BFA (2, 5, and 10 μM) and grown vertically for another 6 days. Then the lengths of the primary roots were measured and calculated. For hypocotyl length measurement, seeds were sown on medium supplemented with 5 or 10 μM BFA, and the lengths of hypocotyls of 8-day-old seedlings were measured and calculated.
For all experiments, the average data from three independent experiments are presented, and 50-60 seedlings/line were analyzed in each experiment (as is the case for other measurements in this study). Statistical analysis was performed using SAS statistical software (SAS version 8.0), including the test for homogeneity of variance and 2-tailed t-test analysis (as is the case for other measurements in this study).
Root gravitropism assay
For root gravitropic bending measurement, seeds were germinated as described above and grown on vertically oriented plates for 2 days in the light and 1 days in the dark. All 3-day-old seedlings were transferred to new MS plates before reorientation treatment. In details, seedlings were handled slightly with forceps on hypocotyl tissues, ensuring the root tissues slide gently on the surface so that all the root tips were vertically downward. Then seedlings were incubated in the dark for 1 h for recovery and adaptation. These manipulations will ensure the uniform orientation of all roots before reorientation treatment, and can avoid mechanical damage to the root tissues. Plates were then rotated by 180º in darkness, and images were photographed at intervals of 2 h with a Nikon Coolpix 4500 digital camera. The angles of root curvature were measured at 4, 6, 8, 10, 12, or 24 h after reorientation with the aid of the image analysis program Image J (version 1.34 for Windows; http://rsb.info.nih.gov/ij/).
For DR5 and DR5/5pt13 seedlings, prior to or after reorientation (90º or 180º, different times), roots were subjected to GUS staining [50] for 4 h. After being cleared, seedlings were photographed with an Interference Discrepancy Contrast Microscope system (Leica). Two independent lines were analyzed.
Treatment with exogenous Ins(1,4,5)P 3 or Ins(1,3,4)P 3
An intracellular delivery system was used to translocate inositol trisphosphates through the cell membrane and into the cytoplasm, and Shuttle PIPTM Carrier-1, histone H1 (Molecular Probes, http://probes.invitrogen.com) was employed to help the InsP 3 molecules penetrating through the cell membranes. The delivery system has been proven to be efficient for translocation of biologically active InsP 3 into mammalian cells and PIP 2 into Arabidopsis root cells [51, 52] . Shuttle PIP Carrier-1 and inositol trisphosphates were mixed immediately prior to the experiments, allowed for equilibration for 5 min, and then added to liquid 1/2 MS medium to generate 10 μM Ins(1,4,5)P 3 or Ins(1,3,4)P 3 (inositol 1,3,4-trisphosphate). A control solution was prepared from an equivalent amount of Shuttle Carrier-1 without inositol trisphosphates in liquid medium. Seedlings were incubated in the above solutions for 2 h, followed by rinse in liquid medium thrice. For root gravitropic responses, 3-day-old vertically grown WT seedlings pretreated with inositol trisphosphates were slightly replaced onto the MS plates and incubated in the dark for 1 h for recovery and adaptation. Then seedlings were subjected to 90º or 180º reorientations in the dark, and bending curvatures were measured in intervals of 2 h.
For examining the vesicle trafficking, 4-day-old WT seedlings were stained with FM4-64 following treatment with inositol trisphosphates as described above (details are described in "Observation of vesicle trafficking under FM4-64 staining and BFA treatment"). For observation of PIN2 expression, after treatment with Ins(1,4,5)P 3 , Ins(1,3,4)P 3 or control solution in the absence or presence of 50 μM CHX, PIN2-EGFP seedlings were observed and photographed with a confocal laser scanning microscope. PIN2p::GUS seedlings were subjected to GUS staining with 1/10-fold X-Gluc concentration, and photographed with an Interference Discrepancy Contrast Microscope system (Leica) after being cleared. (1, 4, 5) control solution as described above were used for measuring the exogenous Ins(1,4,5)P 3 contents. A total of 300 mg of freshly ground tissue was used for extracting Ins(1,4,5)P 3 according to the previous report by Burnette et al. [12] . Intrinsic Ins(1,4,5)P 3 content was measured using the D-myo-inositol-1,4,5-trisphosphate [ 3 H] assay kit (Amersham-Pharmacia Biotech). The Ins(1,4,5)P 3 content in the samples was interpolated from a standard curve generated with known amounts of Ins(1,4,5)P 3 . Assays were performed in triplicate, and the experiment was repeated twice.
Measurement of Ins
Genetic crosses
DR5-GUS, PIN2-EGFP, and PIN1-EYFP marker lines were kindly provided by Dr Jian Xu (Utrecht University, The Netherlands), and genetic crosses were carried out by removing the petals, sepals, and androecia from large green buds, followed by artificial fecundation on the next day. The DR5-GUS, PIN2-EGFP, and PIN1-EYFP cassette were individually transferred into the 5pt13 mutants. The homozygous offspring DR5/5pt13, PIN2-EGFP/5pt13, and PIN1-EYFP/5pt13 were used for the following experiments.
Quantitative real-time RT-PCR analysis
Total RNA was isolated from root tissue of 4-day-old WT or 5pt13 mutant seedlings using Trizol reagent (Invitrogen) and then reverse-transcribed according to the manufacturer's instructions (ReverTra Ace kit, TOYOBO). Quantitative real-time RT-PCR analysis was performed with the RotorGene 3000 system (Corbett Research) using the SYBR green detection protocol (Realtime PCR Master Mix, TOYOBO). The amounts of transcripts were calculated using the comparative threshold cycle method. Differential gene expression is indicated as relative expression levels (percentage) compared with the internal control ACTIN7. The primers used were as follows: PIN2 (5′-CCG TGG GGC TAA GCT TCT CAT CT-3′ and 5′-AGC TTT CCG TCG TCT CCT ATC TCC-3′), ACTIN7 (5′-TTC CCG TTC TGC GGT AGT GG-3′ and 5′-CCG GTA TTG TGC TCG ATT CTG-3′).
Observation of vesicle trafficking with FM4-64 staining and BFA treatment
Roots of WT, 5pt13, and 5PTase13-overexpressing seedlings were stained with FM4-64 (5 μM) for 10 min, followed by two rinses. After incubation for 40 min at room temperature, red fluorescence was observed with a confocal laser scanning microscope (FITC488, Zeiss LSM500). FM4-64 fluorescence was excited with a 543-nm argon ion laser and a 600-nm long-pass emission filter. Images within a single experiment were captured with the same imaging system parameters.
For BFA treatment, seedlings were co-treated with BFA (100 μM) and FM4-64 (5 μM) for 30 min before observation. Each experiment above was repeated thrice.
Quantitative analyses of vesicles were performed using the corresponding confocal images. For an individual seedling, the vesicle number was calculated from the average of 10 independent root cells, and 30 seedlings of each line were measured for each treatment.
Visualization of PIN2 localization and cycling of PIN proteins
Roots of PIN2-EGFP and PIN2-EGFP/5pt13 plants were observed and imaged with a confocal laser scanning microscope at a wavelength of 488 nm (EGFP), and the lengths of the PIN2 expression regions were measured with the Zeiss LSM Image Browser program. For dark-induced PIN2 trafficking to vacuoles, root was incubated in darkness and root epidermal cells were observed. The experiments were repeated thrice.
To visualize the cycling of PIN1 or PIN2, seedlings were treated with BFA (50 μM) for the indicated time before observation. To recover the polar localization of the PIN1 or PIN2 proteins, BFA washout was conducted following a 2-h treatment with BFA (50 μM). Visualization of PIN1 was performed under a wavelength of 514 nm (EYFP).
For quantitative analyses of PINs cycling, percentage of root cells containing BFA compartments after BFA treatment were calculated with the help of corresponding confocal microscope images. After BFA washout, percentage of root cells with PIN2-containing vesicles or those still containing BFA compartments were calculated. In total, 30 individual seedlings were analyzed for each treatment. The total fluorescent intensity and size of BFA compartments in each cell (before washout of BFA) was measured using laser confocal microscope LSM 510 software (ver 3.2), based on the confocal images photographed with the same parameters. More than 100 cells were analyzed for each line.
